Potato virus Y (PVY) is considered the most economically damaging virus for seedpotato production. PVY isolates are usually divided into three historical PVY strains, namely PVY C , PVY O and PVY N . More recently, recombinant strains named PVY NTN and PVY N-Wi appeared in Europe and North America, rapidly spread into seed-potato production and gradually replaced historical strains. This progression can be explained by several factors, including the differential susceptibility of cultivars to PVY strains. This article presents the results of a Swiss survey of PVY strains conducted in 2012 in which the progressive increase of the prevalence of PVY N-Wi was observed. The occurrence of PVY strains in the two main potato cultivars grown in Switzerland, cv. Agria and cv. Charlotte, is described through the 2012 survey and one additional PVY strain survey conducted in 2014. Both surveys were completed with a mechanicalinoculation assay. The inoculation assay showed that cv. Agria is more susceptible to PVY N-Wi than to PVY NTN , whereas cv. Charlotte is susceptible to both strains. The inoculation assay also showed that the expression of symptoms on cultivars is straindependent. These results stress the major role of the resistance profile of cultivars to explain the balance of the PVY strains in potato crops.
Introduction
Potato virus Y (PVY) is considered the most economically damaging potato virus worldwide Rolland et al. 2008 ). This Potyvirus (family Potyviridae) affects the yield of susceptible cultivars Rykbost et al. 1999; Nolte et al. 2004; Whitworth et al. 2006) . PVY is transmitted in a nonpersistent manner by aphids of various species (Woodford 1992) and can be spread within the potato field as well as from field to field (Boiteau et al. 1988 (Boiteau et al. , 2009 Bagnall 1992; Davis et al. 2009 ).
As reviewed in Kerlan et al. (2011) , Rolland et al. (2008) and Karasev and Gray (2013) , PVY potato isolates are divided into three main strains defined according to plant indicators: PVY C , PVY O and PVY N . PVY C induces hypersensitive reactions (HRs) in some potato cultivars (e.g. cv. King Edward), while PVY O induces HRs in other potato cultivars (e.g. cv. Désirée and Pentland Crown) . PVY N can be distinguished from PVY C and PVY O by its ability to induce vein necrosis when infecting tobacco (Nicotiana tabacum) but causes milder symptoms in most potato cultivars (Karasev and Gray 2013) . Two main variants within the PVY N group, PVY NTN and PVY N-Wi , appeared more recently in Europe and gradually replaced the historical strains ). Based on their genome sequences, they were shown to be recombinants of PVY O and PVY N strains. PVY N-Wi and PVY NTN isolates both induce vein necrosis on tobacco (Rolland et al. 2008; Karasev et al. 2011) . PVY NTN also induces tuber necrosis in some susceptible cultivars, causing a potato disease called potato tuber necrotic ringspot disease (PTNRD). The molecular distinction between PVY NTN and PVY N-Wi is that most PVY NTN isolates have three or four recombinant junctions, whereas PVY N-Wi isolates have one or two (Rolland et al. 2008; Karasev et al. 2011) . Serologically, PVY N-Wi reacts as PVY O , while PVY NTN reacts as PVY N .
The PVY recombinant strains, PVY NTN and PVY N-Wi , spread rapidly during the last 30 years into European seed-potato production and almost replaced the historical strains . The spread of PVY N-Wi was more recent than the spread of PVY NTN , as this strain was first reported in Poland in the early 1990s (Chrzanowska 1991) and has since been reported in several countries, including France (Glais et al. 2005; Rolland et al. 2008) , the USA, Canada , Spain (Blanco-Urgoiti et al. 1998) , Germany, the UK (Schubert et al. 2007; Lindner et al. 2015) , the Netherlands (van der Vlugt et al. 2007 ), Belgium (Kamangar et al. 2014) and Switzerland (Rigotti et al. 2011) . In Switzerland, the prevalence of PVY N-Wi was at about 17% in 2008 (Rigotti et al. 2011) . It was comparable/slightly higher in the USA and Canada, with 18% and 33%, respectively, in 2006, but it was much higher in Germany, with 63% in 2011 (Lindner et al. 2015) . The prevalence of PVY N-Wi seems to have increased in Switzerland by 12% from 2003 to 2008 (Rigotti et al. 2011) and in Canada by 9% from 2004 to 2006 . PVY N-Wi seems to have been relatively stable in Germany, with an increase of 4% from 2009 to 2011 (Lindner et al. 2015) and to have decreased in the USA by 9% from 2004 to 2006 . Since then, this percentage has significantly increased to reach 47% in 2012 (+ 23% since 2009), PVY N-Wi becoming the most prevalent strain in the USA (Stewart Gray, personal communication) . The prevalence of PVY N-Wi seems to increase in the countries where periodic PVY strain monitoring has been performed. The following hypothesis have been proposed to explain the increase of the prevalence of PVY N-Wi strains: climate change and changes in cultural practices (Rolland et al. 2008 ), a higher transmission rate of PVY N-Wi strains by aphids (Verbeek et al. 2010 ), a faster translocation of PVY N-Wi than PVY NTN (Dupuis 2017) , a faster spread in the field (Dupuis et al. 2014 ), a lower expression of symptoms by PVY N-Wi -infected plants, which are then less susceptible to being eliminated from fields by roguing (Chrzanowska 1991; Glais et al. 2005) , acquisition of an enhanced pathogenicity (Bellstedt and Visser 2016) and finally, a shift in the cultivars that are produced, with the progressive introduction of cultivars susceptible to PVY N-Wi and resistant to other PVY strains (Lindner and Billenkamp 2005; Lindner et al. 2015; Funke et al. 2017 ). Indeed, it was shown through surveys in Germany and the USA that the susceptibility of the cultivars varies among PVY strains. For example, in surveys conducted in Germany between 2009 and 2011, all PVY-infected plants of cv. Agria (n = 240) were found to be infected by PVY N-Wi , while the prevalence rate of PVY NTN in the PVY-infected plants was 34% in this country over the same period (Lindner et al. 2015) . Surveys managed from 2011 to 2015 in the Columbia Basin in the Pacific Northwest of the USA also proved strainspecific resistance exhibited by potato consistency grown in the area (Funke et al. 2017 ). This resistance resulted in a significant drop of the PVY O strain in favour of the recombinant strains PVY NTN and PVY N-Wi .
This article has two objectives. Firstly, to characterize the incidence of the PVY strains in Switzerland between 2008 (results shown in Rigotti et al. (2011) ) and 2012. Secondly, to assess the strain-specific susceptibility of the two main cultivars grown in Switzerland in 2012, namely cv. Agria (22% of the surface) and cv. Charlotte (14% of the surface) (Swisspatat 2012) . The results of the survey of 2012 were combined with the results of another survey performed 2 years later to assess the incidence of the strains PVY NTN and PVY N-Wi in these cultivars. In addition to the surveys, a greenhouse trial was performed in which plants of cv. Agria and Charlotte were mechanically inoculated with PVY NTN and PVY N-Wi in order to assess their susceptibility to both strains under controlled conditions and the corresponding development of symptoms.
Materials and Methods

Plant Material
In June 2012, 338 potato leaf samples with severe or mild symptoms were collected from the following post-harvest fields in Switzerland: Grange-Verney (canton of Vaud), Rütti (canton of Bern), Uttewil (canton of Fribourg), Wallierhof (canton of Solothurn), Liebegg (canton of Aarau) and Strickhof (canton of Zürich). A sample of 100 tubers of all Swiss seed potato crops are planted in these fields. Each post-harvest field groups samples coming from crops grown in the same area the previous year. The location of the post-harvest fields in Switzerland is presented in Fig. 1 . The samples were collected on 25 different potato cultivars (Agata, Agria, Amandine, Annabelle, Antina, Bintje, Celtiane, Charlotte, Désirée, Ditta, Fontane, Gourmandine, Hermes, Innovator, Jelly, Lady Rosetta, Lady Claire, Lady Jo, Malou, Markies, Nicola, Panda, Pirol, Stella and Victoria). The proportion of Agria samples collected in each location is reported in brackets in Fig. 1 . For each sample, three leaflets were selected and stored in plastic bags at − 20°C until use for serological and molecular analysis (detailed below). In June 2014, 91 additional potato leaf samples of Agria and Charlotte with severe or mild symptoms were collected from the same fields and analysed in the same way.
Agria and Charlotte were also challenged with PVY strains in greenhouse trials. The trials were repeated three times, with cv. Charlotte tested in trials 1, 2 and 5, and cv. Agria tested in trials 3, 4 and 5. Virus-free tubers were planted in plastic pots (19 × 19 × 18 cm) filled with compost. The pots were randomized and maintained in an insectproof greenhouse (20°C, 70% relative humidity and 12-h photoperiod). Three leaves of each plant were inoculated 7 days after plant emergence using carborundum (Perez 2011) . The inoculum was prepared from fresh tobacco leaves showing PVY symptoms crushed in an inoculation buffer (0.02 M phosphate + 0.01 M DIECA). At least 20 plants were inoculated with two PVY isolates (Agroscope collection): PVY N-Wi 1315 isolate (28 in trial 1, 22 in trial 2, 21 in trial 3, 25 in trial 4, and 22 in trial 5) and PVY NTN 1317 isolate (105 in trial 1, 35 in trial 2, 20 in trial 3, 25 in trial 4, and 22 in trial 5). A leaf sample of potentially systemically infected leaves (three leaves per plant) was taken 6 weeks after inoculation for serological analysis. The symptoms were observed at the same time (6 weeks post-inoculation) in trials 3, 4 and 5. As the control for symptomless plants, 6, 15 and 6 plants, respectively, were kept non-inoculated. The symptoms were classified following a four-grade scale: 0 = no visible symptoms, 1 = small necrotic spots, 2 = large necrotic spots and presence of dry leaflets and 3 = completely dry leaves. For trial 4, the tuber yield/plant was measured (g/plant).
Samples Analysis
The serological and molecular methods used for the analysis of the leaf samples were the same as the methods described in Rigotti et al. (2011) . In summary, leaf samples were analysed by a double antibody sandwich (DAS)-ELISA using PVY monoclonal antibodies (mAb). The plates were coated with anti-PVY-NOC mAb (210369, Bioreba, Basel, Switzerland), and the PVY N strains were detected using the anti-PVY-N mAb (191073, Bioreba) . A sample was considered infected by a PVY O strain if it reacted negatively to anti-PVY-N mAb and positively to anti-PVY-NOC mAb (210369, Bioreba), a mAb detecting both PVY N and PVY O strains. All the collected leaves were ELISA tested. A sample was considered positive if the optical density value was three times higher than the optical density of sap extracted from a healthy potato tuber (control on each ELISA plate).
Part of the leaf samples of the survey was analysed by RT-PCR (numbers in Table 1 ), as proposed by Rigotti et al. (2011) . RNA was extracted from 500 mg of potato leaf tissue, and a one-step triplex RT-PCR was performed using the three primer pairs PVYc3/f, PVY3+/3− and CP2+/1−. This triplex RT-PCR allows for the discrimination of the PVY isolates belonging to the following groups: PVY O , PVY C , PVY N-Wi and PVY NTN .
Monitoring of Aphid Flights
Migration flights of aphids are monitored every year in Changins (Nyon, Switzerland; 6°13′44″ E, 46°23′56″ N; 440 m a.s.l.) using a 'Rothamsted Insect Survey' suction trap. This trap samples winged aphids and other airborne organisms at a height of 12.2 m above ground by aspirating 0.75 m 3 air per second (Macaulay et al. 1988 ). This trap is the closest to the main seed potato production basin in Switzerland, which is located 50 to 150 km from Chagins. For this study, the identification of aphid species focused on eight species that are commonly regarded as important vectors of PVY (Verbeek et al. 2010; Fox et al. 2017) : Acyrthosiphon pisum (Harris), Aphis fabae (Scopoli), Aphis spp., Brachycaudus helichrysi (Kaltenbach), Macrosiphum euphorbiae (Thomas), Table 1 Frequency of PVY strains in five Swiss post-harvest fields as assessed by DAS-ELISA in selected leaf samples collected in 2012. The number of samples collected in each field is presented between brackets. The confidence interval of sample proportion is presented between squared brackets (BWilson^score interval with 0.9 as confidence level). The significance differences of the occurrence of a strain in a post-harvest field compared to the average is presented between brackets with a B+^for a higher occurrence, a B−^for a lower occurrence and a BNS^for a non-significant effect 
Data Analysis
The serological diversity of PVY strains in 2012 was compared between post-harvest fields and between cultivars using a chi-squared test (α = 0.05). For this analysis, we considered the post-harvest fields and cultivars for which at least 10 samples were collected. The 2012 distribution for each PVY strain was compared to the corresponding distribution of 2003 and 2008 surveys presented by Rigotti et al. (2011) . Mixed infections were counted as positive samples for each of the identified virus strains. The distribution of the strains between years was compared with another chi-squared test (α = 0.05). The distribution of the strains infecting cv. Agria was compared to the distribution of the stains infecting cv. Charlotte also with a chi-squared test (α = 0.05).
For the greenhouse trial, we used the general linear model (α = 0.05) to evaluate the effects of PVY strains on the symptom expressions on the foliage, on the percentage of infected plants and on the tuber yield. The trials were included in the model as the replication factor for the analysis of the symptoms on the foliage and percentage of infected plants. For the analysis of the tuber yield data, the plants were used as the replication factor. The data of each cultivar were analysed separately as they were tested in different trials (except trial 5).
The software Statistica® (StatSoft Inc., Tulsa, USA) was used to perform all analyses.
Results
Survey 2012
In 2012, 176 of the collected samples were tested positive to PVY by ELISA, among which 130 were PVY N positive (74%) and 46 PVY O positive (26%). The chi-squared test detected a significant difference (p < 0.01) between the balance of the prevalence of the PVY strains in Uttewil compared to the average balance of strains in the other fields (Table 1) , with a lower proportion of PVY N strain in Uttewil. Nevertheless, this difference is low as there is an important overlap between the lower and higher bounds of the confidence intervals of this site and the average of all experimental sites (Table 1) . Most of the consistency were mainly infected by PVY N (Table 2) except cv. Agria for which most of the samples were infected by PVY O strain (Table 2) ; this strain distribution was significantly different from the average of the other cultivars (p < 0.001).
We further characterized 103 isolates from the 2012 survey by molecular testing, with 57 isolates serologically positive for PVY N and 46 isolates serologically positive for PVY O . In 2012, only one mixed infection was found between PVY N and PVY N-Wi .
The data and distribution of each PVY group are presented in Table 3 Table 3 presents these changes in details, as well as their significance. A change in prevalence of a virus strain from one survey to the other can be considered as significant when there is no overlap between the confidence intervals of both surveys (see Table 3 ). The PVY NTN group remains the most prevalent in Switzerland but has decreased from 78. Table 2 Occurrence of PVY strains in 10 cultivars as assessed by DAS-ELISA in selected leaf samples collected in Swiss seed-potato control fields in 2012. The number of samples collected per cultivar is presented between brackets. The confidence interval of sample proportion is presented between squared brackets (BWilson^score interval with 0.9 as confidence level). The significant differences of the occurrence of a strain in a cultivar compared to the average are presented between brackets with a B+^for a higher occurrence, a B−^for a lower occurrence and a BNS^for a non-significant effect 
Agria and Charlotte Surveys
The data from the 2014 survey were combined with the data from the 2012 survey in Table 4 to assess the prevalence of the main PVY strains in the cultivars Agria and Charlotte. Results of both years are presented together in Table 4 , as there were not enough positive samples for each single year (n = 26 in 2012 and n = 85 in 2014) to be able to determine tendencies by year. In both surveys, 58 cv. Agria plants and 53 cv. Charlotte plants were found to be infected by PVY. The chi-squared test showed that the distribution of the PVY strains was significantly different in cv. Agria compared to cv. Charlotte (p < 0,001). Cultivar Agria was mainly infected by PVY N-Wi (81%) and PVY O (16%) strains, while only eight plants were found to be infected by PVY NTN strains (3%) 
Monitoring of Aphid Flights
The 
Inoculation Trials
In the greenhouse assays, the infection rate of cv. Charlotte was similar (p > 0.05) for PVY N-Wi (57%) and PVY NTN (69%) strains, while the inoculation rate of cv. Agria was significantly higher for PVY N-Wi (p = 0.029), with 65% compared to PVY NTN with 29% (Fig. 3) . The plants of cv. Agria infected with PVY NTN showed more severe symptoms (p < 0.001) compared to plants infected with PVY N-Wi , with necrosis (local and systemic necrosis) on nearly all leaflets and a high number of totally dry leaflets and possible systemic reactions (Figs. 4 and 5) . The plants inoculated with PVY N-Wi mainly showed small necrotic spots on the foliage (Figs. 4 and 5) . The plants of cv. Charlotte showed severe symptoms regardless of the strain used for the inoculation (Fig. 4) . No significant difference of tuber yield was observed between the cv. Agria plants inoculated with different PVY strains (p = 0.607) with an average of 49 g of tubers for the control plants and 59 g and 62 g, respectively, of tubers for the plants inoculated with PVY NTN and PVY N-Wi .
Discussion
The surveys for PVY revealed a slow yet progressive increase of the prevalence of PVY N-Wi strains in Switzerland and, simultaneously, a gradual decrease of the prevalence of PVY NTN and PVY O strains in Swiss seed-potato crops. The PVY N strain is still present albeit at low levels. This result is consistent with the increase of the prevalence of PVY N-Wi strains observed in Germany, Canada, and the USA Lindner et al. 2015) . Such increase in the prevalence of PVY N-Wi might be associated with factors specific to each country. Several main factors may explain the increase in the prevalence of PVY N-Wi in Switzerland: (i) the imports of potato seed infected by PVY N-Wi , (ii) the share of each vector species in the aphid flights during the growing season, (iii) the resistance profile of the potato cultivars grown in the country (iv) and the fitness of translocation of the PVY strains from the leaves to the progeny tubers for these cultivars.
In Switzerland, the role of importation of infected seed potatoes can be excluded, as they represent only 15% of the seed potatoes with low PVY infection rates (0.1 to 0.2%-Peter Frei, personal communication). Verbeek et al. (2010) showed that the efficacy of transmission of PVY N-Wi , compared to PVY NTN , was higher for six aphid species: A. pisum, A. fabae, A. nasturtii, Aphis spp., P. humuli and R. padi. All these species were monitored during the years of our PVY strain surveys except A. nasturtii which was included in the captures of Aphis spp. (Fig. 2) . It is difficult to draw conclusions regarding the impact of the aphid flights on the evolution of PVY strain prevalence in Switzerland, but we can highlight aphid flight events that could have played a role in increasing the prevalence of PVY N-Wi . In 2008 and 2012, we observed important flights of Aphis spp. and P. humuli compared to 2003. For these species, the main flights occurred 3 weeks after the emergence in 2008. At this time, the young plants are very susceptible to PVY infections due to the low expression of the phenomenon of mature plant resistance. This phenomenon implies an increase of the resistance of the plants to PVY infections with the age of the plant (Sigvald 1985) . In 2012, the main flights of the same species occurred later (6 weeks after emergence), but with a higher intensity compared to 2008. Therefore, the flights of Aphis spp. and P. humuli may have played a role in facilitating the spread of PVY N-Wi A change in the cultivars grown in the fields is an important factor impacting the distribution of PVY strains. It has been shown by Funke et al. (2017) in the context of seed-potato production in the Columbia Basin (USA), where the prevalence of PVY O dropped down sharply due to the introduction of potato cultivars resistant to this strain. Consistent with surveys performed in Germany (Lindner and Billenkamp 2005; Lindner et al. 2015) , our surveys revealed that Agria is more frequently infected by PVY N-Wi (81% prevalence). In our greenhouse trial, this cultivar resisted PVY NTN better than it resisted the PVY N-Wi inoculation. This cultivar's specific resistance to PVY NTN leads to a higher detection of PVY N-Wi in the symptomatic plants, as observed in our surveys. It is important to remember that our trials were done through mechanical inoculation, meaning that a large amount of virus particles was introduced into the plant tissues, and much more than the few (1 to 3) virus particles usually inoculated by aphids (Moury et al. 2007 ). Nevertheless, the inoculation was done on a single leaf, while the detection of the virus post-inoculation was done on three uninoculated leaves. This means that the virus had to replicate and migrate systemically into the plant to be detected. Therefore, our technique is reliable to detect phenomenon of resistance but may give different results than trials performed through inoculation by aphids. We observed in the inoculation trials that Agria displays less severe symptoms in response to PVY N-Wi infection. Given that symptom expressions strongly influence the efficacy of elimination of symptomatic plants from fields by roguing (Chrzanowska 1991; Glais et al. 2005) , the resistance of Agria to PVY NTN and the lower expression of symptoms of Agria infected by PVY N-Wi might both contribute to PVY N-Wi prevalence compared to PVY NTN . The increase of PVY N-Wi prevalence may then be amplified where roguing is used routinely such as in Switzerland. The cultivar-specific property of developing milder symptoms when infected by PVY N-Wi was also reported in cv. Elipsa by Chrzanowska (1991) . In our greenhouse trial, Agria plants infected by PVY NTN displayed local necrosis in inoculated leaves or systemic necrosis with total desiccation of the infected stems followed by leaf-drop syndrome. Such symptoms in potato plants can be associated with hypersensitive resistance (HR) response in spite of the fact that the virus can still spread systemically (Valkonen et al. 1998; Funke et al. 2017 ). This HR response of cv. Agria has been previously described by Petrov et al. (2015) , in a trial with mechanically inoculated plants with PVY NTN . This trial revealed the blocking of the replication of PVY NTN in the newly grown leaves. The inoculated leaves remained infected and collapsed after desiccation, while the virus was absent from the newly grown parts of potato plants. By contrast, no difference in symptom expressions or cultivar-specific resistance is observed in other cultivars, such as cv. Charlotte inoculated with the PVY NTN or PVY N-Wi strains. In the field, however, the observed prevalence of PVY NTN in this cultivar is close to 90%, to the detriment of the plants being infected by PVY N-Wi . This level exceeds the average prevalence of PVY NTN in the country by 20%. This shows that other factors are probably playing a role in the higher prevalence of PVY NTN in cv. Charlotte. In Switzerland, the increase in the prevalence of PVY N-Wi cannot only be attributed to the prevalence of Agria in the seed potato crops for two main reasons. Firstly, the prevalence of Agria in Switzerland remained relatively stable between 2003 and 2012. In 2003, Agria accounted for 22% of the acreage, in 2008 for 20%, and in 2012 for 22% (Christine Heller, personal communication) . Secondly, we observed a lower proportion of PVY NTN strain in the post-harvest field of Uttewil. We would then expect to find a higher proportion of Agria samples coming from this field. However, the proportion of Agria samples collected in this location was lower (9.7%) than in Rütti (11.1%) and Liebegg (13.3%), as shown in Fig. 1 .
Finally, the increase of the prevalence of PVY N-Wi in Switzerland may also be due to a faster translocation of this strain in the progeny tubers compared to PVY NTN . This phenomenon has been shown by Dupuis (2017) with potato plants infected with these strains.
Overall, the increase of the prevalence of the PVY N-Wi strain in the seed potato crops of Switzerland may be due to the interactions of several factors such as the evolution of the populations of vectors, the fitness of the PVY strains in the plant and the resistance profile of the potato cultivars grown in the country.
